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$EVWUDFW
,Q XSVFDOLQJ FRQYHQWLRQDO VLQJOH URWRUZLQG WXUELQHV LQFUHDVHV LQZHLJKW YROXPH UHODWHG WHQG WR
RXWVWULS EHQHILWV IURP LQFUHDVH LQ HQHUJ\ FDSWXUH DUHD UHODWHG  7KH PXOWLURWRU FRQFHSW WXUQV WKLV
GLVDGYDQWDJHRQLWVKHDGDQGH[SORLWVWKHDUHDWRZHLJKWDGYDQWDJHRIVPDOOURWRUV2WKHUDGYDQWDJHVRI
PXOWLURWRUV LQFOXGH VWDQGDUGL]DWLRQ RI FRPSRQHQWV OHDGLQJ WR FRVW UHGXFWLRQ EHWWHU GLVWULEXWHG DQG
JHQHUDOO\ UHGXFHGV\VWHPORDGVHQKDQFHGFRQWUROSRVVLELOLWLHVDQG LPSURYHG ORJLVWLFV IRUDVVHPEO\DQG
PDLQWHQDQFH
$0:PXOWLURWRUV\VWHPLVFRPSDUHGZLWKDQRWLRQDO0:FRQYHQWLRQDOZLQGWXUELQHDQGDOVR
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
.H\ZRUGV0XOWLURWRU:LQGWXUELQH2IIVKRUH6FDOLQJ0:
,QWURGXFWLRQ
7KHFRQFHSWRIDPXOWLURWRUZLQGHQHUJ\V\VWHPWZRRUPRUHURWRUVRQDVLQJOHVXSSRUWVWUXFWXUHKDV
EHHQLQFLUFXODWLRQVLQFHHDUO\LQWKHWKFHQWXU\$PXOWLURWRUV\VWHPRIIHUHGDURXWHWRDKLJKUDWHGXQLW
FDSDFLW\ ZKLOVW DYRLGLQJ WKH GLIILFXOW\ LQ PDNLQJ YHU\ ODUJH URWRU EODGHV IURP VWHHO  :LWK WKH
GHYHORSPHQWRIPRGHUQJODVVFRPSRVLWHVYHU\ODUJHURWRUEODGHVEHFDPHIHDVLEOHDQGVRWKHFRQFHSWVRI
PXOWLURWRUV\VWHPVZHUHODUJHO\QHJOHFWHG +RZHYHUDVFXUUHQWJHQHUDWLRQZLQGWXUELQHVDUHXSVFDOHG
LQWR WKH PXOWLPHJDZDWW UDQJH WKH HQHUJ\ EHQHILW IURP LQFUHDVHG URWRU VL]H LV PRUH WKDQ RIIVHW E\
LQFUHDVHV LQPDVVDQGFRVW 7KXV WKHFRQYHQWLRQDOVLQJOH URWRUGHVLJQEHFRPHVXQHFRQRPLFDW OHDVW LQ
WHUPV RI WKH WXUELQH FRVW DORQH DW YHU\ ODUJH VFDOH DQG SXEOLVKHG SULFH GDWD RQZLQG WXUELQH V\VWHPV
FRQILUPV WKLV >@ 0XOWL URWRU V\VWHPV FDQ RIIHU D VROXWLRQ  7KH\ UHWDLQ WKH HFRQRPLF DGYDQWDJH RI
VPDOOHUVFDOHV\VWHPVDQG\HWPD\DFKLHYHDODUJHURYHUDOOFDSDFLW\WKDQDQ\H[LVWLQJVLQJOHURWRUXQLW

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7KHXQGHUO\LQJORJLFRIPXOWLURWRUV\VWHPVUHODWHVWRVFDOLQJDQGWRWKHUHODWLYHFRVWVDQGSURGXFWLYLW\
RIVPDOOYHUVXVODUJHURWRUV7KHFRVWVRIPDMRUFRPSRQHQWVURWRUEODGHVKXEVDQGSRZHUWUDLQVURWRU
EHDULQJVJHDUER[EUDNHJHQHUDWRUHWFDFFRXQW IRUDURXQGRIWKHWRWDOH[ZRUNVFDSLWDOFRVWRID
FRQYHQWLRQDOZLQGWXUELQH7KHFRVWRIPXOWLURWRUV\VWHPURWRUDQGGULYHWUDLQFRPSRQHQWVFRPSDUHGWR
WKHVHFRPSRQHQWV LQDQHTXLYDOHQWVLQJOHURWRUV\VWHPLVTXDQWLILHGDVRI WKHRUGHURI ଵξ௡ZKHUHQ LV WKH
QXPEHURIURWRUVLQWKHPXOWLURWRUV\VWHP7KLVFRVWIRUWKHVSHFLILFURWRUDUUD\WREHGLVFXVVHGZLOO
WKXV EH OHVV WKDQ WK RI WKH FRVW RI WKHVH FRPSRQHQWV IRU D VLQJOH ODUJH URWRU V\VWHP RI HTXLYDOHQW
FDSDFLW\
7KLVUHVXOWIROORZVIURPDQHOHPHQWDU\VFDOLQJDQDO\VLVWREHSUHVHQWHGEXWLWLVQRWDSXUHO\WKHRUHWLFDO
ILQGLQJ0DUNHWGDWDRQWKHPDVVDQGFRVWRIZLQGWXUELQHV\VWHPVDQGZLQGWXUELQHFRPSRQHQWVZKHQ
FDUHIXOO\DQDO\VHG>@HQGRUVHV WKH IXQGDPHQWDOO\FXELF VFDOLQJRIPDMRUFRPSRQHQWV  ,Q WKHRIIVKRUH
FRQWH[W WKHZLQG WXUELQHFDSLWDOFRVW W\SLFDOO\ WRRILQVWDOOHGFRVWRQ ODQGEDVHGZLQG IDUPV
PD\UHGXFHWRWRRILQVWDOOHGFRVWGHSHQGLQJPRVWO\RQZDWHUGHSWKDQGGLVWDQFHIURPVKRUH
7KXVFDSLWDOVDYLQJVLQWKHZLQGWXUELQHFRPSRQHQWVDUHOHVVFRQVHTXHQWLDOEXWWKHPXOWLURWRUV\VWHPDOVR
SURYLGHV IRU KDQGOLQJ RI VPDOOHU PRUH PDQDJHDEOH FRPSRQHQWV DQG DQ LQWHJUDWHG V\VWHP GHVLJQ ZLWK
SRZHUSODQWVSDUHSDUWVVXSSO\DQGSHUPDQHQWO\PDQQHGVHUYLFHFHQWUHDOORQDVLQJOHIRXQGDWLRQ
6FDOLQJ,VVXHV
)XQGDPHQWDOV
,QXSVFDOLQJDZLQGWXUELQHV\VWHPDFRQVLVWHQWEDVLVRIFRPSDULVRQUHTXLUHVWKDWDUHSUHVHQWDWLYHWLS
VSHHGLVFRQVWDQW7KLVSUHVHUYHVWKHIORZJHRPHWU\LQWHUPVRIWKHUHODWLRQVKLSEHWZHHQURWRUVSHHGDQG
ZLQGVSHHGDWDQ\JLYHQRSHUDWLQJSRLQW0DLQWDLQLQJDJLYHQWLSVSHHGDWDQ\JLYHQZLQGVSHHGLPSOLHV
WKDW LQ XSVFDOLQJ URWRU DQJXODU YHORFLW\ʘPXVW YDU\ LQYHUVHO\ZLWKGLDPHWHU' DQGKHQFHGHFUHDVH
ZLWKLQFUHDVLQJWXUELQHVL]H
7KH DHURG\QDPLFPRPHQWV RI DZLQG WXUELQHEODGH DERXW DQ\ D[HV DQG DW DQ\ UDGLDO VWDWLRQ FDQEH
VKRZQWRVFDOHDVFXEHRIGLDPHWHU7KHVHPRPHQWVDULVHDVDVXPRISURGXFWVRIORFDODLUSUHVVXUHRQ
HDFKEODGHHOHPHQWDODUHDDQGDVVRFLDWHGPRPHQWDUPVDERXWWKHEODGHVHFWLRQXQGHUFRQVLGHUDWLRQ7KH
EHQGLQJVHFWLRQPRGXOXVRIDFDQWLOHYHUHGVWUXFWXUHEODGHRUWRZHUDWDQ\JLYHQVHFWLRQLVDOVRIRXQGWR
VFDOHFXELFDOO\ 7KXVXSVFDOLQJZLWK VLPLODULW\ZLOOZRUN LQSUHVHUYLQJFRQVWDQWVWUHVV 7KLVGRHVQRW
DSSO\ LIZHLJKW UHODWHG ORDGVEHFRPHGHVLJQGULYHUVDVVHOIZHLJKWEHQGLQJ ORDGVZLOO WKHQVFDOHDV WKH
IRXUWKSRZHURIGLDPHWHURUPRUH
7KHUHDUHVRPHVXEWOHHIIHFWVZKLFKSUHYHQWVFDOLQJZLWKVWULFWVLPLODULW\EHLQJIHDVLEOH7KHVHLQFOXGH
D VRFDOOHG³VL]HHIIHFW´ UHODWLQJ WR WKH IUDFWXUHPHFKDQLFV RIPDWHULDOV)RUKRPRJHQRXVPDWHULDOV WKH
ODUJHU WKH VDPSOH VL]H WKH JUHDWHU WKH SUREDELOLW\ RI D FULWLFDO IODZ H[LVWLQJ LQ D JLYHQ VDPSOH 7KLV
LPSOLHV WKDWDWVRPH OHYHORIXSVFDOLQJ LW LVQRWDGHTXDWH WRGHVLJQ IRUFRQVWDQW VWUHVV 7KHDOORZDEOH
VWUHVVPXVWWKHQUHGXFHDVVL]HLQFUHDVHVDQGPDVVPXVWVFDOHPRUHWKDQFXELFDOO\
2WKHU YLRODWLRQV RI VFDOLQJ VLPLODULW\ UHODWH WR IOXLG ERXQGDU\ OD\HUV WKH ERXQGDU\ OD\HU DURXQG WKH
DHURIRLO VHFWLRQV RI WKH EODGH DQG WKH HDUWK¶V ERXQGDU\ OD\HU  ,Q SULQFLSOH DHURG\QDPLF SHUIRUPDQFH
LQFUHDVHVZLWKXSVFDOLQJGXHWRLQFUHDVHLQ5H\QROGVQXPEHUEXW WKLV LVDQDOPRVWQHJOLJLEOHHIIHFW IRU
PHJDZDWWVFDOHZLQGWXUELQHV
0RUHVLJQLILFDQWLVWKHHIIHFWRIWKHHDUWK¶VERXQGDU\OD\HUZKHUHIULFWLRQEHWZHHQWKHDWPRVSKHULFDLU
DQGWKHJURXQGOHDGVWRDVWURQJJUDGLHQW LQZLQGVSHHGZLQGVKHDUZLWKZLQGLQFUHDVLQJVLJQLILFDQWO\
ZLWK KHLJKW DERYH JURXQG :LQG VKHDU GHSHQGV RQ DWPRVSKHULF VWDELOLW\ DQG VXUIDFH URXJKQHVV EHLQJ
JHQHUDOO\OHVVSURQRXQFHGRYHUVHDWKDQRYHUODQG7KHSULPDU\YDOXHRIDZLQGWXUELQHHQHUJ\UHODWHVWR
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VZHSWDUHDSURSRUWLRQDOWRVTXDUHRIGLDPHWHUZKHUHDVFRVWLVUHODWHGWRYROXPHSURSRUWLRQDOWRFXEHRI
GLDPHWHU 7KLV LV VRPHWLPHV UHIHUUHG WR DV WKH VTXDUHFXEH ODZ :LQG VKHDU RQ DFFRXQW RI WKHZLQG
VSHHGDWDJLYHQVLWHLQFUHDVLQJZLWKKHLJKWFDQHIIHFWLYHO\DXJPHQWHQHUJ\FDSWXUHDVPRUHWKDQDVVTXDUH
RIGLDPHWHUPLWLJDWLQJWKHHIIHFWVRIWKHVTXDUH±FXEHODZ+RZHYHULQDFFRXQWLQJQHWEHQHILWVIURPZLQG
VKHDU LW LV FRPPRQO\ IRUJRWWHQ WKDW LQSULQFLSOH WKH LQFUHDVH LQZLQGVSHHGZLWKKHLJKWZLOO DOVR LPSO\
VRPHLQFUHDVHLQORDGV
$PRUHGHWDLOHGDFFRXQWRIDOOWKHVFDOLQJLVVXHVGLVFXVVHGLQWKLVSDSHUFDQEHIRXQGLQ-DPLHVRQ>@
$UHDYROXPHUHODWLRQVKLSV
&RQVLGHUD VFHQDULRZKHUHQ VPDOO URWRUVHDFKRIGLDPHWHUG KDYH WKH VDPHVZHSWDUHDDVD VLQJOH
ODUJHURWRURIGLDPHWHU'DQGKHQFHWRDILUVWDSSUR[LPDWLRQLJQRULQJZLQGVKHDUWKHVDPHSRZHUDQG
HQHUJ\FDSWXUHLQVLPLODUZLQGFRQGLWLRQV,WIROORZVWKDW
ܦଶ ൌ ݊݀ଶ
+RZHYHU VLQFH FRQVWDQW EODGH EHQGLQJ VWUHVV ZLWK VFDOH LV VDWLVILHG ZLWK JHRPHWULF VLPLODULW\ WKHQ
EODGHPDVVPXVWVFDOHFXELFDOO\7KXVWKHPDVV0RIDVHWRIEODGHVIRUWKHVLQJOHODUJHURWRULVJLYHQDV
ܯ ൌ ݇ܦଷ
ZKHUHNLVDFRQVWDQWRISURSRUWLRQDOLW\7KHFRUUHVSRQGLQJPDVVPRIDVHWRIEODGHVIRUDVPDOOURWRU
LV
݉ ൌ ݇݀ଷ
7KXV5WKHUDWLRRIWKHPDVVRIWKHVHWRIVPDOOURWRUVWRWKDWRIWKHVLQJOHODUJHURWRULVGHWHUPLQHGDV
ܴ ൌ ݊ ൜݀ܦൠ
ଷ

ܴ ൌ ݊݉ܯ ൌ
ͳ
ξ݊

7KLVUHODWLRQVKLSLVRIPDMRULPSRUWDQFHLQGLFDWLQJWKDWWKHJUHDWHUWKHQXPEHURIURWRUVHTXLYDOHQWLQ
VZHSWDUHDWRDVLQJOHODUJHURWRUWKHVPDOOHULVWKHPXOWLURWRUV\VWHPPDVVLQFRPSDULVRQWRWKDWVLQJOH
URWRU$VLPLODUDUJXPHQWKROGVIRUWKHVFDOLQJRIWKHSRZHUWUDLQ,QWKHFRQYHQWLRQDODUUDQJHPHQWURWRU
VSHHGGHFUHDVHVZLWKLQFUHDVLQJGLDPHWHUDQGWKHJHDUER[LQSXWWRUTXHEHLQJWKHUHVXOWDQWRIEODGHLQ
SODQHPRPHQWVDWVKDIWFHQWUHOLQHULVHVFXELFDOO\,IWKHJHDUER[RXWSXWVSHHGLVKHOGFRQVWDQWWKHQWKH
JHDUUDWLRPXVWLQFUHDVHDQGWKLVLQFRQMXQFWLRQZLWKDFXELFVFDOLQJRILQSXWWRUTXHOHDGVWRDPRUHWKDQ
FXELFVFDOLQJRIJHDUER[PDVVDQGFRVWWREHRIIVHWE\DOHVVWKDQFXELFVFDOLQJRIWKHJHQHUDWRU,IWKH
JHQHUDWRU LQSXW VSHHG LV KHOG FRQVWDQWZLWKXSVFDOLQJ DV LV XVXDO LQ FRQYHQWLRQDOZLQG WXUELQHGHVLJQ
WKHQ WKH JHQHUDWRU WRUTXH LV YDU\LQJ DV SRZHU OHDGLQJ WR JHQHUDWRU PDVV DQG FRVW SURSRUWLRQDO WR WKH
VTXDUHRIGLDPHWHU
$ VLPSOHU SLFWXUH LV HYLGHQWZLWK WKHGLUHFW GULYHJHQHUDWRUZKHUH WKHJHQHUDWRU LV WKHZKROHRI WKH
SRZHU WUDLQDQG VFDOHVFXELFDOO\ LH DV LQSXW WRUTXH 7KH VXSSRUW VWUXFWXUH WRZHURIDFRQYHQWLRQDO
ZLQGWXUELQHLVVLPLODUWRDEODGHLQUHVSHFWRIEHLQJDZLQGORDGHGFDQWLOHYHUHGEHDPDQGWKHWRZHUFDQ
EHH[SHFWHGWRVFDOHFXELFDOO\IRUWKHVDPHUHDVRQV
$Q\JLYHQPXOWLURWRUV\VWHPLIXSVFDOHGZLWKJHRPHWULFVLPLODULW\ZRXOGLQFUHDVHFXELFDOO\LQPDVV
DVZLWKDQ\FRQYHQWLRQDOV\VWHP+RZHYHUWKHFXELFFXUYHUHSUHVHQWLQJWKHXSVFDOLQJRIVD\EODGHPDVV
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IRUDURWRUPXOWLURWRUV\VWHPZLOOKDYHDFRHIILFLHQWDURXQGóRIWKHYDOXHRIWKDWIRUDQHTXLYDOHQW
VLQJOHURWRUFXUYH7KXVWKHPXOWLURWRUFRQFHSWGRHVQRWGHIHDWWKHVTXDUHFXEHODZDQGQRV\VWHPWKDW
XSVFDOHV REVHUYLQJ JHRPHWULF VLPLODULW\ FDQ  +RZHYHU WKH PXOWL URWRU V\VWHP FDQ EH XSVFDOHG E\
LQFUHDVLQJWKHQXPEHURIURWRUVWKHUHE\YLRODWLQJJHRPHWULFVLPLODULW\DQGDYRLGLQJWKHVTXDUHFXEHODZ
SHQDOW\
6FDOLQJDQGFRPPHUFLDOGDWD
7KHGHYHORSPHQWRIZLQGWHFKQRORJ\KDVEHHQRQHRIFRQWLQXDOXSVFDOLQJZLWKJHQXLQHO\H[SRQHQWLDO
JURZWK LQ V\VWHP DQG FRPSRQHQW VL]HV XQWLO UHFHQWO\ >@  7KLV PHDQV WKDW VPDOO EODGHV DUH DOPRVW
LQYDULDEO\ROGRQHV
+RZHYHU WKH LQGXVWU\ VWDUWHGZLWK ILEHUJODVV ERDW EXLOGLQJ WHFKQLTXHV EHLQJ HPSOR\HGZKHQ EODGHV
ZHUHPDQXIDFWXUHGXVLQJJODVVZLWK UDQGRPO\RULHQWHG ILEHUV FKRSSHGVWUDQGPDWDQGSRO\HVWHU UHVLQ
DSSOLHGZLWKUROOHUVLQDKDQGOD\XSSURFHVV7KXVWKHROGHVWEODGHGHVLJQVJHQHUDOO\HPSOR\HGGHVLJQV
WKDW ZHUH LQHIILFLHQW LQ XVH RI PDWHULDOV WKDW XVHG UHODWLYHO\ KHDY\ PDWHULDO V\VWHPV DQG XVHG ODERXU
LQWHQVLYHSURFHVVHV :LWKSDVVDJHRIWLPHEODGHPDQXIDFWXUHPHWKRGVKDYHEHFRPHPRUHVRSKLVWLFDWHG
QRZIXOO\DXWRPDWHGSURGXFWLRQKDVEHHQDFKLHYHGE\*DPHVD>@DQGWKHUHLVRQJRLQJGULYHWRUHGXFH
ZHLJKWDQGFRVW LQHYHU ODUJHUEODGHV 7KXV WKH VFDWWHURI UHDO FRPPHUFLDOGDWDDSSHDUV WRFURVVFXELF
FXUYHV GHWHUPLQHG E\ VWXGLHV DW &5(6 >@ WR EH DVVRFLDWHG ZLWK GLIIHUHQW PDWHULDO V\VWHPV DQG
PDQXIDFWXULQJ SURFHVVHV  $Q HPSLULFDO SRZHU ODZ ILW WR WKH FRPPHUFLDO GDWD RI )LJ  ZLOO VXJJHVW D
VTXDUH ODZGHSHQGHQFHRIEODGHPDVVRQURWRUGLDPHWHUEXW WKH UHDOLW\ LVDSURJUHVVLYHGHYHORSPHQW LQ
PDQXIDFWXULQJSURFHVVZLWKLQWULQVLFDOO\FXELFFXUYHVDVVRFLDWHGZLWKHDFKSURFHVVW\SH

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$OWKRXJK VRPH VPDOOHU ZLQG WXUELQH GHVLJQV LQ WKH KXQGUHGV RI N: DUH EHLQJ UHYLYHG WKHUH LV D
WHQGHQF\WRXVHROGUHDG\PDGHGHVLJQVZLWKRQO\PLQLPDOXSJUDGLQJVRWKDWWKHIXOOSRWHQWLDOIRUPDVV
DQGFRVW UHGXFWLRQ LQ VPDOOHU VFDOHGHVLJQV LVQRW \HWPXFK UHDOLVHG 7KH VLJQLILFDQFHRI)LJ LV WKDW
XVLQJ WKH ODWHVW WHFKQRORJ\±QRW QHFHVVDULO\ WKH YHU\ OLJKWHVW EXW WKHPRVW FRVW HIIHFWLYHRI WKH UHFHQW
WHFKQRORJLHVZLWKJODVV DQG UHVLQ LQIXVLRQ± LW LV SRVVLEOH WRGHVFHQG D FXELF FXUYH DQGSURGXFH VPDOO
EODGHVWKDWEHQHILWTXLWHIXOO\IURPWKHUHGXFWLRQWR ଵξ௡LQWRWDOPDVVDQGFRVWDVFRPSDUHGZLWKDVLQJOH
ODUJHURWRU
7KHUHLVDQHYHQFOHDUHUSLFWXUHZLWKUHVSHFWWRGULYHWUDLQFRPSRQHQWV$OWKRXJKWKHVDPHLVVXHVRI
VPDOOEHLQJROGDQG ODUJHEHLQJQHZFRXOG WHQG WR UHGXFH WKHDSSDUHQWH[SRQHQW WKHUH LVDFOHDU OLQHDU
UHODWLRQVKLS EHWZHHQ JHDUER[PDVV DQG UDWHG WRUTXH )LJ  EDVHG RQ FRPPHUFLDO GDWD IURP:LQHUJ\
%RVFK5H[URWK DQG(LFNKRII >@ 5DWHG WRUTXH LV IXQGDPHQWDOO\ DV FXEHRI GLDPHWHU DOWKRXJK D FXELF
H[SRQHQW FRQVLGHULQJ ZLGH UDQJLQJ FRPPHUFLDO GDWD IURPPDQXIDFWXUHUV EURFKXUHV DQG RWKHU VRXUFHV
>@>@PD\DSSHDUVOLJKWO\UHGXFHGE\DWHQGHQF\WRGHVLJQIRUKLJKHUWLSVSHHGLQODWHVWRIIVKRUHGHVLJQV


)LJ*HDUER[PDVV    )LJ30*WRWDOPDVVUHODWHGWRWRUTXH
7KHUH LV LQVXIILFLHQW SXEOLF GDWD RQ 30* GHVLJQV WR GHWHUPLQH FRUUHVSRQGLQJ FOHDU WUHQGV EXW D
GHWDLOHG 30* GHVLJQ PRGHO RI */ *DUUDG +DVVDQ FRQVLGHULQJ 30* GHVLJQV RYHU D ZLGH UDQJH RI
JHDULQJ IURPGLUHFW GULYH WR KLJK VSHHG LQGLFDWHV )LJ  D QHDU OLQHDU UHODWLRQVKLS EHWZHHQPDVV DQG
WRUTXHDQGWKHUHIRUHDQHVVHQWLDOO\FXELFUHODWLRQVKLSEHWZHHQPDVVDQGZLQGWXUELQHURWRUGLDPHWHU,WLV
ZHOO UHFRJQLVHG WKDWPDVVGRHVQRWGLUHFWO\HTXDWHZLWKFRVW DOWKRXJK WKHFRUUHODWLRQ LVYHU\ VWURQJ IRU
PDQ\ HQJLQHHULQJ FRPSRQHQWV 1HYHUWKHOHVV LWZLOO EH REYLRXV WKDWPDVV VDYLQJVa  IRU
URWRUVRU IRUURWRUVZLOOLPSO\YHU\ODUJHFRVWVDYLQJ
0XOWLURWRU'HVLJQ&RPSDULVRQV
%DVLVRIFRPSDULVRQV
5HFHQW WUHQGV LQRIIVKRUHZLQG WXUELQHGHVLJQDUH WRZDUGV ODUJHU URWRUV LQ UHODWLRQ WR UDWHGSRZHURU
HTXLYDOHQWO\DUHGXFWLRQLQSRZHUGHQVLW\$QLQGXVWU\DYHUDJHRIDURXQG:PUDWHGSRZHUURWRU
VZHSW DUHD LV TXLWH FRQVLVWHQW ZLWK WKH 5HSRZHU 0 GHVLJQZLWK P URWRU GLDPHWHU IRU H[DPSOH
+RZHYHUWKHODWHVWGHVLJQVRI9HVWDVDQG6LHPHQVSHUKDSVDFNQRZOHGJLQJWKDWRIIVKRUHHOHFWULFDOFRVWV
DUHDPXFKKLJKHUSURSRUWLRQRIWRWDOOLIHFRVWVWKDQRQODQGKDYHPRYHGWRZDUGVUHGXFHGSRZHUGHQVLW\
7KXV WKH 9HVWDV 9 DQG 6LHPHQV 6:7  KDYH SRZHU GHQVLWLHV RI  :P DQG  :P
0JHDU 4








   
PD
VV
0
JH
DU
>N
J@
WRUTXH4>N1P@
0 4










    
30
*
WRW
DO
PD
VV
>W@
UDWHGWRUTXH>01P@
 Peter Jamieson and Michael Branney /  Energy Procedia  24 ( 2012 )  52 – 59 57
UHVSHFWLYHO\ 7KLV VWXG\DGRSWVDSRZHUGHQVLW\RI:PRQZKLFKEDVLV D UHIHUHQFH0:ZLQG
WXUELQH LV GHYHORSHG ZLWK D URWRU GLDPHWHU RI  P  &RVW IUDFWLRQV GHILQLQJ WKH UHODWLYH FRVWV RI
FRPSRQHQWVLQWHUPVRIOLIHWLPHFRVWVDUHHVWLPDWHGXVLQJGDWDIURP-DPLHVRQ>@:LQGWXUELQHSULFHV
KDYHUHGXFHGLQDQGDURXQGQXPEHURI¼N:KDVEHHQXVHGKHUHDVDEDVLVIRUWKHH[ZRUNV
FDSLWDOFRVWRI WKHZLQG WXUELQHV\VWHPDORQH 7KHDQDO\VLVSUHVHQWHG LVDOODERXW WHFKQLFDOGLIIHUHQFHV
DIIHFWLQJUHODWLYHFRVWFRPSDULVRQVEHWZHHQGLIIHUHQWV\VWHPVDQGGRHVQRWGHSHQGRQDQ\DEVROXWHFRVW
GDWD
)LUVW WKH 0: UHIHUHQFH ZLQG WXUELQH LV XSVFDOHG WR 0: HVVHQWLDOO\ ZLWK VLPLODULW\  6WXGLHV
ZLWKLQWKH83:,1'SURMHFW>@VXJJHVWWKDWLWZLOOEHGLIILFXOWWREHWWHUWKLVDQGUDWKHUDFKDOOHQJHQRWWR
GRZRUVH,IDQ\LPSURYHGWHFKQRORJ\FDQEHQHILWWKH0:GHVLJQWKHQLWZRXOGXVXDOO\EHDSSOLFDEOH
WR WKH VPDOOHU 0: WXUELQH VRSUHVHUYLQJ WKH FRPSDULVRQ $Q HTXLYDOHQWPXOWLURWRU V\VWHP LV WKHQ
GHYHORSHGLQWKLVFDVHEDVHGRQîN:ZLQGWXUELQHVZLWKWKHVDPHUDWHGSRZHU0:DQGD
VSDWLDOGLVWULEXWLRQLQDWULDQJXODUPDWUL[KDYLQJURWRUVLQWKHORZHVWURZIROORZHGE\URWRUVRQ
VXEVHTXHQWURZV
$HURG\QDPLFSHUIRUPDQFH
7KH DHURG\QDPLF SHUIRUPDQFH RI D JURXS RI FORVHO\ VSDFHG URWRUV PD\ EH TXHVWLRQHG  ,Q 
6PXOGHUV >@ FRQGXFWHG ZLQG WXQQHO WHVWV RQ D SDLU RI URWRUV ILQGLQJ QR DGYHUVH HIIHFW RQ SRZHU
SHUIRUPDQFHDWDODWHUDOVSDFLQJDVFORVHDVRIGLDPHWHU0XFKPRUHUHFHQWO\>@ZLQGWXQQHOWHVWVRQ
D KH[DJRQDO IUDPH FDUU\LQJ D VHYHQ URWRU DUUD\ RI VPDOO ZLQG WXUELQHV ZHUH FRQGXFWHG LQ WKH 1$6$
/DQJOH\ZLQGWXQQHOLQ9LUJLQLD86FRQILUPLQJWKHVDPH
/LIHFRVWFRPSDULVRQV
7KHVLQJOHURWRUDQGPXOWLURWRUV\VWHPVDUHGHVLJQHGVRDVWRJLYHVLPLODUUDWHGZLQGVSHHGDQGDQQXDO
HQHUJ\FDSWXUHDWDQRIIVKRUHVLWHZLWKZLQGVKHDUH[SRQHQWRIa,WLVUHFRJQLVHGWKDWLQUHDOLW\DZLGH
UDQJHRIZLQGVKHDUVRUQRQHDWDOOPD\DSSO\DWVRPHRIIVKRUHVLWHVGHSHQGLQJRQDWPRVSKHULFVWDELOLW\
DQGRWKHUIDFWRUV
+DYLQJVHWXSFRPSDULVRQVZLWKHTXDOHQHUJ\RXWSXWDFRVWRIHQHUJ\&2(HYDOXDWLRQLVWKHQEDVHG
RQDFRPSDULVRQRIOLIHWLPHFRVWV,WLVDVVXPHGIRUWKHUHIHUHQFHWXUELQHWKDW2	0FRVWVDPRXQWWR
RI OLIHWLPHFRVW DQG WKDW WKH LQLWLDO FDSLWDO FRVW LV VSOLWDQGEHWZHHQZLQG WXUELQHFDSLWDO DQG
EDODQFHRI SODQW  ,Q HVWLPDWLQJ WKH FRVWV DVVRFLDWHGZLWK WKH 0:PXOWL URWRU V\VWHPEDVLF VFDOLQJ
ZLWKVLPLODULW\LVDSSOLHGZLWKURWRUVIRUH[DPSOHVFDOLQJFXELFDOO\DQGKHQFHUHGXFLQJLQFRVWDV ଵξ௡Ǥ
7KH WRWDO ZHLJKW LVPXFK OHVV DQG WKH DJJUHJDWH DHURG\QDPLF ORDGV DUH OHVV >@ IRU WKHPXOWL URWRU
V\VWHP WKDQ IRU WKH VLQJOH URWRU V\VWHP  1HYHUWKHOHVV WKH FRVW RI WKH VWXE WRZHU DQG ODWWLFH VWUXFWXUH
LOOXVWUDWHG LQ)LJXUH IRUD URWRU ODQGEDVHGV\VWHP LV WDNHQDVGRXEOH WKHFRVWRI WKH WRZHU IRUD
VLQJOH0:ZLQGWXUELQH$JDLQDOWKRXJKWKHUHDUHQRORDGLQFUHDVHVDQGEHDULQJVL]HVPXFKUHGXFHG
WKHWZLQEHDULQJ\DZV\VWHPFRVW)LJXUHLV OLNHZLVHGRXEOHG 7KHFRVWRISRZHUFRQYHUVLRQIRUWKH
PXOWLURWRUV\VWHPLVDOVRGRXEOHG
7KLV DQDO\VLV QHFHVVDULO\ GRHVQRW GR MXVWLFH WR WKH FRPSDULVRQ WKDWPD\ HYROYHZLWKPRUHGHWDLOHG
HQJLQHHULQJ)RUH[DPSOHWKHUHODWLYHO\VPDOOWXUELQHVRIWKHPXOWLURWRUV\VWHPPD\DGYDQWDJHRXVO\EH
GLUHFW GULYH SHUKDSV ZLWK D VLQJOH FROOHFWLYH SLWFK DFWXDWRU DQG PHFKDQLFDO EUDNH PRXQWHG RII WKH
JHQHUDWRUVWDWRUIRUDVHFRQGSURWHFWLRQV\VWHP
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7DEOH/LIHWLPHFRVWVFRPSDULVRQ
08/7, 52725 /,)( &267
$66(660(17
&RVW
)UDFWLRQV
5HIHUHQFH
'HVLJQ
/DUJH
6LQJOH
5RWRU
(TXLYDOHQW
0XOWL5RWRU
1RRIURWRUV   
'LDPHWHU#:P   
3RZHUUDWLQJ>0:@    
5RWRU    
%ODGHV    
+XE    
3LWFKPHFKDQLVPDQGEHDULQJV    
'ULYHWUDLQ	QDFHOOH    
/RZVSHHGVKDIW    
%HDULQJV    
*HDUER[    
0HFKDQLFDOEUDNH+6FRXSOLQJ    
*HQHUDWRU    
9DULDEOHVSHHGHOHFWURQLFV    
<DZGULYHDQGEHDULQJ    
0DLQIUDPH    
(OHFWULFDOFRQQHFWLRQV    
+\GUDXOLFV\VWHP    
1DFHOOHFRYHU    
&RQWURO	6DIHW\6\VWHP    
7RZHU    
785%,1(&$3,7$/&267    
)RXQGDWLRQV    
,QVWDOODWLRQ    
(OHFWULFDODQGJULGFRQQHFWLRQ    
6XQGU\VXUYH\LQVXUDQFHHWF    
%$/$1&(2)3/$17&267    
3DUWV    
/DERXU    
2	0    
727$/FRVWV¼    

7KHIRXQGDWLRQFRVWVRI0:VLQJOHURWRUDQGPXOWLURWRUDUHWDNHQDVWKHVDPHDOWKRXJKWKHPXOWL
URWRUV\VWHPZLOOEHPXFKOLJKWHUDQGKHQFHKDYHDKLJKHUIXQGDPHQWDOIUHTXHQF\ 7KHHOHFWULFDOFRVWV
ZLWKLQWKHZLQGIDUPDQGWRJULGFRQQHFWLRQDUHDVVXPHGWREHWKHVDPHEXWQDWXUDOO\PRUHIDYRXUDEOHIRU
VLQJOH0:XQLWVRIDQ\W\SHDVFRPSDUHGWR0:UHDOLVHGDVî0:ZLQGWXUELQHV
,WPD\EHHYLGHQWIURP7DEOHWKDWWKHPXOWLURWRUV\VWHPOLIHWLPHFRVWLVDSSUHFLDEO\FKHDSHUWKDQIRU
DVLQJOH0:URWRUDQGDOVROHVVWKDQIRUî0:XQLWV7KHPXOWLURWRUV\VWHPKDVEHHQUDWHGDW
0:LQRUGHUWRJLYHGLUHFWFRPSDULVRQVZLWK0:DQG0:VLQJOHURWRUV\VWHPV0:UDWLQJLI
QRW0:PD\EHDWDQHFRQRPLFOLPLWIRUWKHVLQJOHURWRUFRQFHSW+RZHYHUWKHUHLVQRUHDVRQUDWKHU
DGGLWLRQDO EHQHILW LQ XSVFDOLQJ WKH WRWDO FDSDFLW\ RI WKH PXOWLURWRU V\VWHP WR WRWDO SRZHU UDWLQJV IDU
EH\RQG ZKDW PD\ EH SUDFWLFDEOH DQG HFRQRPLF ZLWK VLQJOH URWRUV  $V WKH SULQFLSOH ZRXOG EH WR
VWDQGDUGL]HRQURWRUVL]HDQGVLPSO\LQFUHDVHWKHQXPEHUVRIURWRUVWKHUHFDQWKHQEHVLJQLILFDQWIXUWKHU
FRVWUHGXFWLRQTXDOLW\DQGUHOLDELOLW\HQKDQFHPHQWDULVLQJIURPVWDEOHKLJKYROXPHSURGXFWLRQ
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
)LJ$UWLVWVLPSUHVVLRQDQGHQGHOHYDWLRQRIURWRUPXOWLURWRUV\VWHP
&RQFOXGLQJUHPDUNV
7KHUHVXOWVVXJJHVWWKDWIRXU0:URWRUVZLOOFRVWaRIDVLQJOH0:URWRU$0:PXOWL
URWRU V\VWHPFDQ IXUWKHU UHGXFH FRVW WRaRI IRXU 0:URWRUV RUaRI D 0:VLQJOH URWRU
V\VWHP7KHVHUHVXOWVDUHVHQVLWLYHWRPDQ\DVVXPSWLRQVEXWVXJJHVWWKDWWKHPXOWLURWRUFRQFHSWGHVHUYHV
PRUHLQWHQVLYHUHVHDUFK
5HOLDELOLW\FRQFHUQVIURPDPXFKLQFUHDVHGSDUWFRXQWDUHRIIVHWE\UHGXFHGLPSDFWRIVLQJOHPDFKLQH
IDXOWVDQG LPSURYHGFRPSRQHQW UHOLDELOLW\ WKURXJKVWDQGDUGL]DWLRQ LQDPDQDJHDEOHPHGLXPVL]H UDQJH
7KHFRQFHSWIRUDYHU\ODUJHPXOWLURWRUV\VWHPZRXOGEHWRKDYHDFRPSOHWHO\LQWHJUDWHGSHUPDQHQWO\
PDQQHGSRZHUSODQWZLWKLWVVXEVWDWLRQDQGUHVHUYHRIVSDUHSDUWVDOOLQWHJUDWHGRQRQHIRXQGDWLRQ
$FNQRZOHGJHPHQWV
(365&*UDQW1R(3*&HQWUHIRU'RFWRUDO7UDLQLQJLQ:LQG(QHUJ\6\VWHPV
5HIHUHQFHV
>@-DPLHVRQ3,QQRYDWLRQLQ:LQG7XUELQH'HVLJQ-RKQ:LOH\	6RQV/WG,6%1
>@*DPHVDSDUWQHUVZLWK07RUUHVRQEODGHYHQWXUH:LQGSRZHU0RQWKO\0DJD]LQH0D\
>@&KDYLDURSRXORV7/HNRX'6LHURV* &RVW0RGHOV$SSOLHG WR%ODGHV 83:,1'3UHVHQWDWLRQ IRU:RUN3DFNDJH%
8SVFDOLQJ
>@:LQGUDIWDQODJHQ0DUNW,VVXHVIURPWR3XEOLVKHG6XQ0HGLD*PE+
>@:LQGHQHUJLH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